Methyl isocyanate (MIC) was evaluated for sensory and pulmonary irritation in mice. MIC was found to be both a potent sensory and pulmonary irritant in this species. From these results, a safe level of exposure for a period of 8 hr was estimated to be about 0.02 ppm for humans. Guinea pigs were also exposed to MIC for a single 3-hr exposure at a concentration of 37 ppm. During exposure to MIC, coughing was observed in all animals. Pulmonary function was evaluated immediately following exposure and intermittently on the next 35 days using CO2 challenges and flow-volume loops. Highly abnormal responses to CO2 were observed immediately after exposure in all animals. Six of the eight animals exposed to MIC died. In the two survivors, an apparent recovery was seen during the 5 days following exposure, but a worsening effect was observed at days 21 and 28, with a partial recovery at day 35. The data clearly demonstrated that the primary pulmonary effect of MIC was one of airways obstruction. Oxygen uptake and carbon dioxide output were also measured in the guinea pigs following exposure to MIC. No evidence of a cyanidelike effect was observed, in contrast to a severe depression of oxygen uptake following exposure to hydrogen cyanide.
Introduction
Only one published report (1) existed in the literature on the toxicity of inhalation exposure of methyl isocyanate (MIC) prior to the Bhopal incident of December [2] [3] 1984 . Some limited data were previously published (2) , indicating a high level of acute toxicity, as well as dermal and corneal irritation. Recent reports have confirmed the high acute toxicity and irritation by this monoisocyanate (3, 4, 5) . In Bhopal, a large quantity of MIC, estimated between 25 to 30 tons, was released and vaporized within a fairly short period of time (6, 7) . The effect on humans and animals within the vicinity of the plant was immediate (8) . Severe irritation of the eyes, nose, and throat was followed by irritating cough, chest pain, sensation of choking, and death in the more severely affected individuals.
Studies were undertaken in our laboratory to first estimate the potency of MIC as a sensory and a pulmonary irritant. The estimations were made using welldefined bioassay models (3) , which to these other chemicals could be made. Also, using another well-defined bioassay model, we undertook the assessment of the recovery process following a single high level exposure to MIC.
Sensory and Pulmonary Irritation
The details of this investigation have already been published (3), and thus, only a brief summary of the methods used is given here.
Methods
Sensory irritation of the upper respiratory tract causes a characteristic delay during exhalation, and thereby a decrease in respiratory rate (9) . This bradypnea occurs reflexively from stimulation of the trigeminal nerve endings in the nasal mucosa. A standard method using body plethysmographs attached to an exposure chamber has been described and was used for exposing the animals and for monitoring respiratory patterns (10) . Swiss-Webster mice were used as the experimental animals, and groups of four mice were exposed to MIC at 0.5 to 7.6 ppm for 90 min. Their respiratory rate was measured prior to exposure (control period) and during exposure. The maximum de- Exposure concentrations of MIC were obtained by passing dry air over 10 mL of MIC held in a 500 mL bottle submerged in an ice bath to keep the temperature at 0°C. The exposure concentration was determined by drawing samples from the exposure chamber with a gastight syringe, followed by direct injection on a gas chromatograph equipped with a nitrogen-phosphorus detector. The full details of the generation system and analytical procedures have been presented (3) .
Results
The action of MIC on the respiratory pattern of normal mice indicated that sensory irritation was present, as shown in Figure 1 . At the higher concentrations, the breathing pattern revealed a mixed effect of sensory and pulmonary irritation toward the end of the 90-min exposure period in a few animals (Fig. 1) . In mice fitted with a tracheal cannula, the breathing pattern indicated that pulmonary irritation was present (Fig. 1) with a burning sensation in the eyes, nose, and throat in humans. Humans subjects would report intolerable irritation at the RD50 level found in mice (9, 14) . Recently, it has been further confirmed that this animal model accurately predicts sensory irritation in humans (15) . On the other hand, RD50TC is a concentration at which pulmonary injury is likely; thus, the ratio RD50TC/RD50 can be taken to indicate the potential for lung injury/warning from sensory irritation (11) . The higher the ratio, the better the warning property and the better the chance that individuals would be warned of the presence of a potentially harmful chemical and would seek to escape from that atmosphere and end their exposure. Such ratios for several industrial chemicals are presented in Table 3 . It can be seen that MIC, along with nitrogen dioxide, chlorine, and hydrogen chloride, have very low RD50TC/ RD50 ratios. The concentration capable of inducing lung injury is just slightly above the concentration which would provide a good warning for sensory irritation, and thus, these chemicals must be handled with greater precaution than chemicals with high ratios. The second factor to consider is a chemical's potency as a pulmonary irritant. Although MIC and chlorine have the same ratios, MIC is seven times more potent than chlorine. Nitrogen dioxide has the lowest ratio, but is 180 times less potent than MIC. It would be of interest to test phosgene. This chemical would have a RD50TC/RD50 ratio below 1, but would be a more potent pulmonary irritant than MIC.
Acute Toxic Hazard ofMIC. In order to determine the inhalational toxic hazard of a chemical, we need to know the potency (P) of the chemical, the duration of exposure (7), and how much of this chemical (C) can be present in the atmosphere if a spill occurs. The worst situation would be a closed room with sufficient amount Exposure System. The exposure system used is shown in Figure 3 . Each animal was held in a whole body plethysmograph attached to a primary chamber into which MIC was delivered. The exposure concentration was established by changing the delivery rate of MIC vapor or the airflow of this chamber. Once the desired concentration was established, each plethysmograph was attached to the primary chamber to initiate the exposure. Each exposure lasted 3 hr. The delivery system for MIC and the analytical procedures were the same as those for exposure of mice (3) .
Evaluation of the Pulmonary Effects and Recovery. Two types of measurements were performed in an attempt to detect a pulmonary response to MIC. The first measurement consisted of monitoring respiratory frequency, tidal volume, and coughing during exposure to detect any changes from the normal pattern. Secondly, animals were challenged with 10% CO2 to stimulate ventilation. Normal and abnormal responses to CO2 have been well characterized (18, 19) . The CO2 test enables a rapid assessment of pulmonary performance over time.
Respiratory Frequency (f), Amplitude (AlP), and Coughing. A sensitive differential transducer (Gaeltec, Model 8T-2) or a microphone (Gould, Model 689837.1) was attached to each whole body plethysmograph as shown in Figure 3 . With each breath, a pressure change (AP) was created in the plethysmograph and detected by the transducer (or microphone). The pressure change was amplified and displayed on an oscillograph. This procedure permitted inspection of respiratory patterns, including apneic periods and coughing. Coughing was recognized by large and sharp pressure fluctuations noted on the oscillograph and correlated with visual inspection of the animals.
Ventilatory Response to CO2. Challenges with 10% CO2 were conducted prior to exposure and at various time periods following exposure. The system used was a simplification of a system used previously (19) . As shown in Figure 4 , each animal was placed in a holding cylinder and fitted with a head chamber. This permitted measurement of inspiratory and expiratory airflows (VI, VE) which, when integrated with time, yielded tidal volume, VT. Respiratory frequency (f) was also obtained from this measurement. Also, V-VT loops were obtained from these measurements. First, the ventilatory parameters were measured during air breathing. Then, using a mixture containing 10% C02 in 20% 02, 70% N2 or 19% 02, 71% N2 was introduced in the system and the same measurements were taken again once VT had reached a stable increase. A stable increase was observed well within 4 min.
The results presented were obtained at an exposure concentration of 37 ppm for 3 hr. All animals were studied imediately after exposure, but at this concentration, six of eight animals died within 48 hr. The two survivors were studied extensively during the following 35 days. Thus, the effect of MIC on these two animals probably represent the worst possible effects, short of death.
Respiratory Frequency (f) and Coughing. Immediately upon exposure to 37 ppm MIC, fdecreased, and coughing was very frequent, as shown in Figure 5 . Coughing was also present following exposure and still present 5 days after exposure in the two survivors. TO The breathing patterns were obviously abnormal in all animals following exposure. The abnormalities were most pronounced 2 days after exposure, rather than immediately following exposure, in the survivors. All animals failed to exhibit a normal increase in VT or f during C02 challenge immediately following exposure (Fig. 7) . From days 5 to 14, there was some recovery in the two survivors, but V-VT loops were abnormal, and the response to C02 challenge was still much lower than normal, particularly with regard to the expected increase inf (Fig. 7) . From the tracings in Figure 6 , it can be seen that the reason for the decrease in f during air breathing and during CO2 challenge was due to a lengthening of the duration of expiration (TE). Of interest is the fact that the animals' conditions worsened at day 21, but the animals recovered (although not completely) on day 35. Both animals exhibited body weight increases comparable to controls on day 35.
Discussion
The results obtained indicate that MIC induced severe airways obstruction and that recovery from the pulmonary effects of MIC is very slow-much slower than recovery following pulmonary irritation induced by sulfuric acid (18) , toluene diisocyanate (TDI) (20) , or smoke from wood (21) . The recovery from MIC is similar to that following exposure to smoke from polyvinyl chloride (22 figure) .
bronchoconstrictor, and thus, the classification of obstruction applies (19) . As reported by Kamat et al. (8) , flow-volume curves (or loops) obtained in surviving victims of the Bhopal disaster showed numerous abnormalities. These abnormalities included an inspiratory or expiratory sawtooth pattern, expiratory concavity on the descending limb, and a fluctuating appearance of the expiratory portion. All can easily be observed in Figure 7 , which displays the loops from one guinea pig surviving exposure to 37 ppm of MIC. Thus, there appeared to be a good deal of similarity between the animal responses and those of the Bhopal victims. Furthermore, the lengthening of expiration (TE) has been found in subjects with obstructive lung disease, and flow-volume loops of these subjects indicate that flow is abnormal during expiration. A maximum in flow that cannot be maintained is reached early during expiration, and a sharp return toward zero flow is seen after peak flow is reached (23) . This same type of loop was obtained in the MIC-exposed guinea pigs. Therefore, it is appropriate to conclude that the primary pulmonary effect of MIC was one of obstruction.
Kamat et al. (8) noted that in some individuals, flowvolume curves indicated a restrictive disability, whereas a mixture of obstruction and restrictive disability was found in others. It is possible that this reaction will also be observed as the two surviving guinea pigs are monitored, since a restriction pattern and mixed patterns can also be detected in guinea pigs using the same technique (19) .
It is of interest to compare results from this study with pulmonary function evaluations and histopathological findings reported by other investigators (4). Researchers exposed rats to MIC and found airway narrowing and edema as the early major results following exposure. This correlates well with the obstruction pattern observed in the guinea pigs in this study. Researchers also noted that the epithelial lesions were rapidly repaired, just as we found recovery (although not complete) between day 2 and 14. Finally, residual peribronchial fibrosis and signs of renewed injury and inflammation were reported, which correlates with our findings of a worsening effect between day 14 and 21. Cyanidelike Effect A simple way to investigate whether or not MIC can induce a cyanidelike effect, i.e., inhibition of oxygen utilization at the cellular level, is to measure oxygen consumption using the apparatus described by Haldane (24) . There is a possible complicating factor with MIC: due to its irritating effect, minute ventilation, pulmonary diffusion, and distribution of ventilation are compromised. However, this can be taken into account to some extent by measuring the percent 02 Fig. 6 . Comparisons between the exposed animal and the control should be made on similar days from pre-exposure since these animals (310-350 g body weight at pre-exposure) are growing, and V as well as VT, increase with growth. are corrected for standard temperature and pressure, dry (STPD).
Methods
The apparatus used to measure 02 uptake and CO2 output is shown in Figure 8 . It follows the principles given by Haldane, (24) but uses modern analyzers for 02 and CO2. The animals tested were as described in the preceding section. The measurements were obtained prior to exposure and at various time intervals following exposure. The system described in Figure 3 was used for exposure to hydrogen cyanide by delivering this gas with a flowmeter. One group of four animals was exposed to increasing concentrations to induce a recognizable effect of asphyxiation, i.e., animal falling on its side and a respiratory pattern indicating asphyxiation (26) . As soon as evidence of asphyxiation was observed in one of four simultaneously exposed animals, the exposure was terminated, and the animal appearing the most affected was immediately transferred to the apparatus for 02 uptake measurements. The exposure proceded as follows: 115 ppm for 30 min, 217 ppm for 15 min, and 340 ppm for less than 2 min. These concentrations were determined from air samples taken from the exposure chamber with a 1 mL gas-tight syringe for injection into a gas chromatograph equipped with a nitrogen detector (27) .
Results
The results for the group exposed to MIC at 37 ppm are presented in (24) to measure 02 uptake and CO2 output. This is a flow-through apparatus with analyzers monitoring 02 and CO2 concentrations. From these concentrations and the volume of air passing through the animal chamber, monitored by wet test meters as shown, the 02 uptake and CO2 output in mL/min were calculated and corrected for temperature and barometric pressure, i.e., standard temperature and pressure, dry (STPD). 02 uptake was obtained by monitoring the difference between inlet and outlet using a double cell 02 analyzer as shown. A pressure transducer can also be attached to measure the pressure change (AP) due to each respiration, which is an indirect method to obtain VT (18) . However, because of the intense airway obstruction caused by MIC, minute ventilation was obtained using the apparatus shown in Fig. 4 after making the 02 uptake and CO2 output measurements.
was no evidence of inhibition of oxygen utilization, despite a reduction in minute ventilation. During exposure to cyanide at 115 and 217 ppm, nothing remarkable occurred. Within 30 see after increasing concentration to 340 ppm, signs of weakness appeared; one guinea pig fell on the side of the exposure chamber and exhibited a respiratory pattern indicating asphyxiation. By the time hydrogen cyanide was turned off and the exposure chamber was clearing, all four animals were severely affected. One animal immediately transferred to the 02 uptake measurement apparatus showed a level of 02 uptake 75% below the level obtained prior to exposure.
Recovery was monitored, and the 02 uptake was back to the pre-exposure level with 30 min. The three other animals also showed comparable 02 uptake levels to their pre-exposure levels when measured 30 min after exposure to hydrogen cyanide. Thus, the depression of 02 uptake was very pronounced immediately after exposure (measurement made on only one animal), but all animals recovered rapidly.
Discussion
Although these results do not prove that cyanide was absent during the Bhopal disaster, there is no indication that MIC induced a cyanidelike effect, even at a very high exposure concentration. The possible formation of cyanide during this disaster has also been investigated experimentally with MIC mixed with water and ferric chloride and reacted at 300TC under pressure, and no evidence of cyanide was found (7).
Summary
These investigations revealed the high potency of MIC as a sensory and pulmonary irritant in mice and as a severe airway obstructor in guinea pigs; therefore, MIC would be classified as a respiratory irritant (9) . Recovery in guinea pigs was complicated by worsening episodes during the recovery period. A possible change may occur, revealing a restrictive type disease following the first recovery phase. The degree of similarity between flow-volume loops obtained in guinea pigs and human victims is encouraging. This increases our confidence in the flow-volume analysis method for evaluating other agents in guinea pigs to predict pulmonary toxicity in humans. A cyanidelike effect of MIC in humans is very unlikely.
